Abstract: Hyaluronan (HA) is a ubiquitous component of extracellular matrix in human tissues with diverse functions in skeletal biology. The biophysical properties of HA, such as high viscosity, elasticity and highly negative charge, make it useful in various therapeutic procedures. Although intra-articular administration of HA has been extensively used in the management of osteoarthritis (OA), there is a paucity of data on the clinical application of HA in intervertebral disc repair. This review discusses the biology and signaling mechanisms of HA, the pathophysiology of disc degeneration and summarises current evidence relating to the role of HA in cell phenotype maintenance, differentiation of chondrocytes, intervertebral disc cells and bone marrow stromal cells, and its application in tissue engineering. Based on recent advances in the clinical outcomes of OA treatment, HA has demonstrated potential as a bio-polymer filler, therapeutic agent and cell carrier in the management of intervertebral disc degeneration.
Introduction
The successful regeneration of cartilage and intervertebral disc (IVD) requires reparative cells with corresponding signaling molecules and a microenvironment that supports the proliferation and differentiation of those cells. Biomaterials which mimic the natural microenvironment may play a key role in tissue-engineered repair of damaged and degenerated tissue.
Hyaluronan (HA), also known as hyaluronic acid, is a ubiquitous component of the extracellular matrix in human tissue. High concentrations of HA have been detected in skin, cartilage, nucleus pulposus of IVD, vitreous body of eye and synovial fluid. Initially isolated from the vitreous body by Meyer and Palmer in 1934, 1 HA has also been purified with varying molecular mass from joint fluid, umbilical cord, rooster comb and certain strains of streptococci. 2 Although the majority of commercially available HA is prepared from rooster comb, HA production by fermentation of streptococci has the advantage of low cost, easy purification and higher molecular mass compared to traditional tissue extraction methods. 3 The biophysical properties of HA such as high viscosity, elasticity and highly negative charge make HA useful in various therapeutic procedures. HA has been widely used in the cosmetic, nutritional, pharmaceutical and medical fields. The clinical application of HA has been classified as viscosurgery (in ophthalmic surgery to maintain a deep anterior chamber, reduce corneal trauma and push back the vitreous face), viscoaugmentation (to fill facial wrinkles, depressed scars and for cosmetic corrections), viscoseparation (to prevent post-operative adhesions), viscoprotection (to promote healing of wounded or injured tissue) and 
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extruded through the membrane into the extracellular matrix. HA exists in the bound and free status in the body with a very rapid turnover rate. HA catabolism is achieved either by hyaluronidase-mediated enzymatic degradation or by chemical mechanisms to generate fragments of various sizes. 12, 13 Newly synthesized HA chains contain 2500 to 25,000 repeating units with a molecular mass of 10 6 to 10 7 Da. The HA molecule is readily soluble in water and behaves as a stiffened random coil with a large hydrated volume allowing the molecules to interact with each other to create viscoelastic solutions. HA, with its high molecular mass, forms a specific stable tertiary structure in aqueous solution equivalent to the β-sheets seen in proteins. 14 The viscosity is the most distinctive property of HA in the hydrated state largely depends on the length of the chains or molecular mass. For example, the viscosity of a 1% HA solution (a molar mass of 3 -4 × 10 6 Da) is about 500,000 times that of water. The viscosity may vary with the shear rate and is positively related to molar mass and concentration. 13 Nevertheless, high molecular weight (MW  17 × 10 6 ) HA produces high viscosity solutions by extending the degree of entanglement which cannot be achieved simply by increasing the concentration of low molecular weight HA. 15 The extreme aqueous solubility and high turnover rate of HA in the body limit its application in tissue engineering. While maintaining the viscoelasticity, the physio-chemical properties of HA have been improved by chemical crosslinking and modification such as esterification to reduce the solubility and increase its stability and biocompatibility.
HA has diverse functions in skeletal biology including joint cavity formation and longitudinal bone growth. HA plays a critical structural role as a backbone of proteoglycan aggregates with large amount of proteoglycan monomers anchoring on it through a link protein in the extracellular matrix of tissues including articular cartilage and IVD (Figure 2 ). The HA-immobilized proteoglycan aggregates have enormous viscosupplementation (intra-articular administration for the treatment of osteoarthritis). [4] [5] [6] Recent research has recognized the role of HA beyond its "bio-lubricant" and "bio-polymer filler" functions. HA plays an important role in embryonic development, tissue organization, wound healing, angiogenesis, cell migration, pericellular matrix formation and tumor invasion. [7] [8] [9] HA also possesses anti-inflammatory activity and is under evaluation to be used as a therapeutic agent for a number of inflammatory disorders. 10 In addition, HA-derived gel has also shown anti-adhesive effect following knee surgery in a rabbit model. 11 The combination of anti-inflammatory, anti-fibrotic and anti-adhesive activities of HA suggests its potential application in the prevention of post-operative adhesions and promotion of tissue repair.
The unique biophysical characteristics, biocompatibility, non-immunogenic properties and ease of size chain manipulation make HA a useful biomaterial for scaffold and carrier design in tissue engineering. This article aims to review recent advances relating to the application of HA in cartilage regeneration and tissue engineering with specific reference to IVD regeneration.
Hyaluronan -the molecule
HA is a linear high-molecular-mass non-sulfated glycosaminoglycan (GAG) composed of repeating disaccharide units of β-1, 4-glucuronic acid and β-1, 3-N-acetyl-D-glucosamine ( Figure 1) . It is the only GAG that is not synthesized in the Golgi apparatus and its synthesis does not require attachment to a core protein. In eukaryotes, HA is synthesized on the inner surface of the plasma membrane as an unadorned linear polymer. This polymerizing process is catalyzed by membrane-bound HA synthases (HAS) using UDP-sugar nucleotide precursors as substrates. There are three HAS isoforms designated as HAS1, HAS2 and HAS3, encoded by three related HAS genes at a different chromosome location. Concomitant with elongation of the HA polymer, it is Potential of hyaluronan in intervertebral disc regeneration Dovepress submit your manuscript | www.dovepress.com Dovepress molar masses and are embedded within a collagenous framework, limiting the opportunity for proteoglycan loss from tissue. 13 HA synthesis and degradation are closely regulated in skeletal tissues and aberrant synthetic or degradative activity causes diseases. 12 In addition, HA is structurally and chemically non-species-specific making it non-allergenic, unlike collagen.
Interaction with cell-associated HA-binding proteins and signaling mechanism
The HA-dependent functions of cells are triggered by an initial interaction with cell-associated HA-binding proteins or hyaladherin (ie, receptors) and subsequent activation of intracellular signaling cascades. So far, three major HA receptors have been identified: CD44, Receptor for HA mediated motility (RHAMM, also known as CD168) and intercellular adhesion molecule-1 (ICAM-1, also known as CD54). CD44, the main HA receptor, is extensively expressed as a group of multiple variant isoforms derived from extensive alternative splicing of mRNA and exists in inactive non-binding forms or an active ligand-binding form. Standard CD44 is the most abundantly expressed isoform. The binding of CD44 to HA plays an important role in cell adhesion to extracellular matrix components and is implicated in the stimulation of aggregation, proliferation, migration and angiogenesis. 8, 16 Other HA receptors, RHAMM and ICAM-1, are less well studied. RHAMM is localized inside the cell and released by certain, poorly defined stimuli. The interaction of HA with cell surface ICAM-1 is likely to have important implications for cell adhesion in normal and in disease states such as inflammation, atherosclerosis and cancer. Interactions with specific HA receptors are believed to selectively couple with their specific downstream signaling pathways. As a consequence of regulating these kinases, HA promotes expression of specific cytokines and proteins involved in extracellular matrix remodeling. 18 HA counteracts the catabolic processes induced by interleukin-1β (IL-1β) and block IL-1β stimulated the production of matrix metalloproteinase (MMP) . The mechanism of this inhibition has been speculated to occur through HA binding to ICAM-1, leading to downregulation of nuclear factor kappa B (NF-κB) and MAP kinase phosphorylation.
The signaling transduction mediated by degraded HA fragments through CD44 is associated with the post-injury inflammatory response, which demonstrates the opposite biological functions of native high molecular mass HA. The low molecular mass HA fragments function as potential endogenous "danger signals", while even smaller fragments can ameliorate these effects. 19 Understanding the array of signaling pathways of inflammatory and anti-inflammatory effects of HA will encourage the development of novel antidegradation strategies when using HA in combination with other disease-modifying anti-arthritic drugs.
Hyaluronan helps maintain chondrocyte phenotype
Articular cartilage, a complex tissue capable of withstanding large compressive loads during daily activity, has poor regenerative capacity. Articular cartilage chondrocytes are highly specialized cells that produce extracellular matrix and express chondrogenic genes. Chondrocytes express the standard isoform of CD44 receptors and the CD44-HA interaction is necessary for organization, retention and regulation of normal cartilage matrix. Supra-molecular organization of HA molecules and the viscoelasticity in the hydrated state are responsible for some of the structural properties of cartilage. Immobilizing proteoglycan in the cartilage is another important function of HA.
Chondrocytes readily lose their phenotypic characteristics in a monolayer culture system while retaining their original characteristics in three-dimensional (3D) constructs. 20 Addition of HA into collagen scaffolds seeded with articular chondrocytes improves the 3D environment and enhances chondrocyte growth, function and matrix deposition. 21 Benzyl derivatives of HA (Hyalograft ® C and HYAFF-11 ® ), are hydrophobic, biodegradable polymers which degrade at predictable rates and are compatible with in vitro cultured chondrocytes. Articular chondrocytes from osteoarthritic and healthy individuals cultured on HYAFF-11 for 3 weeks resulted in a significant increase in type II collagen, Sox9 and aggrecan, and a reduction of type I collagen and downregulation of the catabolic MMPs compared to cells grown on culture plastic. The study revealed the effectiveness of HA in promoting cartilage matrix synthesis and maintaining the chondrocytic phenotype thereby providing an ideal construct for chondrocyte growth in vitro. 22 Chondrocytes derived from cartilages of bovine, 23 rabbits, 24 rat 25 and swine 26 encapsulated into HA-based scaffolds exhibited chondrocyte re-differentiation, enhancement of proteoglycan synthesis, increased expression of type II collagen and cartilage oligomeric matrix protein (COMP).
Exogenous HA can incorporate into cartilage and its beneficial effects on the proliferation, differentiation, migration, and phenotype maintenance of chondrocytes have been studied in vitro. Bovine chondrocytes grown in gelatin sponges with exogenous HA increase cellular retention and proteoglycan production. 27 Rabbit chondrocytes embedded in collagen gels and cultured in a growth medium containing various concentrations of HA has shown enhancement of chondroitin sulfate synthesis and cellular proliferation at low concentration of HA. 28 Bovine articular chondrocytes cultured in alginate constructs in a HA-containing medium led to significantly increased DNA, sulfated glycosaminoglycan and hydroxyproline synthesis. 29 Besides the ability of HA to enhance cartilage matrix synthesis and chondrocyte growth, HA protects chondrocyte from apoptosis during the development of OA, playing a role in chondroprotection. 30 Grishko et al exposed cultured human chondrocytes to reactive oxygen and mitochondriadriven apoptosis was induced with pro-inflammatory cytokines. Chondrocytes pre-treated with HA exhibited reduced mitochondrial DNA damage and enhanced mitochondrial DNA repair capacity and cell viability when compared to cells treated with only the cytokines. Addition of anti-CD44 antibody at saturating concentrations was found to abolish the protective effects of HA. The chondroprotective action of HA may be a consequence of preservation of mitochondrial function and amelioration of mitochondria-driven apoptosis, 31 suggesting the role of HA in the management of OA other than through viscosupplementation. HA has been applied as either signal molecules or scaffold/carrier to induce MSC differentiation. HA, when supplemented in specific media, induces chondrogenesis of equine BM MSCs in a micromass pellet culture as evidenced by analysis of chondrocytic marker expression, such as proteoglycans and type II collagen. The chondrogenic efficacy of HA is pronounced, though lower than that of TGF-β1. 32 A HA-based scaffold (a polymer derived from the total esterification of sodium hyaluronate) supported the adhesion, high viability, migration and proliferation of embedded BM MSCs, suggesting its potential in tissue repair. 33 BM MSCs grown in a HA scaffold can undergo either chondrogenic or osteogenic differentiation depending on the presence of specific inducting factors in the culture media. 34, 35 Variations in the molecular weight of HA have a mild influence on the onset of chondrogenesis of MSCs in pellet culture, but do not significantly affect the outcome of the differentiation on day 21 culture. 36 HA-based hydrogel particles have been used as a biomimetic growth factor delivery system to stimulate the chondrogenic differentiation of the cultured mesenchymal stem cells via the controlled release of bone morphogenetic protein-2 (BMP-2). 37 The MSC seeded HA scaffolds over 3 weeks of culture produced a white, solid tissue with increased cell proliferation and type II collagen expression during this period of time, but could not achieve the same level of mechanical strength as human cartilage. 38 To improve the mechanical and biological properties of HA scaffold, an array of HA-based bioactive composite scaffolds were designed to mimic the physiological environment present during tissue formation. A HA -silk fibroin composite scaffold, which combines the biological characteristics of HA with silk fibroin's superior mechanical properties, made BM MSCs undergo efficient differentiation and tissue formation measured by the specific gene expression analysis compared to plain silk fibroin scaffolds. 39 A composite scaffold, prepared by homogeneously mixed 5% to 30% of gelatin with esterified HA, was found to be superior to pure HA scaffold for induction of chondrogenic differentiation of BM MSCs. 40 BM MSCs in the composite scaffold, when implanted into a medial meniscus defect in a rabbit model, demonstrated chondrogenic differentiation and an ability to repair the tissue with meniscus-like fibrocartilage integrated with the host tissue. 41 Utilization of autologous BM MSCs in a HA scaffold for repair of an osteochondral defect in the rabbit knee has also shown promising results. 42 The principal drawback of the majority of hydrogels is the difficulty in recovering cells from the 3D environment. Recently, Zhang et al used synthetic crosslinkers (disulfidecontaining polyethylene glycol diacrylate) to crosslink thiolmodified hyaluronan and gelatin macromonomers in the presence of cells. BM MSCs showed excellent viability and growth in the scaffold and could be readily liberated by dissociating the gel using the thiol-disulfide exchange reaction after cell expansion or differentiation. 43 
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The application of HA in tissue engineering
HA has been manufactured in a variety of physical forms including hydrogels, sponges, meshes, fibres and fabrics that allow the development of a variety of HA-based scaffolds. HA, as a biomaterial, is biocompatible, non-toxic, non-immunogenic and non-inflammatory, making it ideal for the controlled release of drugs, DNA, peptides and other biomolecules. More importantly, HA can be used as cell carrier in tissue engineering and regenerative medicine. 44, 45 HA hydrogels has been used to deliver DNA into the cellular microenvironment. The carboxylate groups of HA can be created as a cross-linked hydrogel for DNA entrapment and also for drug delivery. HA hydrogels can maintain in vitro degradation rates and slow the release of drugs from hours to several days. 46, 47 Similarly, HA hydrogels and DNA-HA matrix have been used as a depot system for controlled gene or DNA delivery for tissue regeneration. 48 DNA immobilized to the substrate of crosslinked HA-collagen hydrogels can be slowly released and taken up by adherent cells demonstrated by expression of the transgene within these cells. 49 HA-based scaffolds or nanogel systems have been investigated to target specific genes by delivery of siRNA therapeutics. Cellular uptake and gene silencing efficiency were achieved at much higher level in CD44 over-expressing cell lines than CD44 negative cell lines. Using HA conjugates with polycations to target intracellular delivery of siRNA by the receptor-mediated endocytosis significantly improved gene-silencing efficiency. Thus HA conjugated into siRNA complex has the potential to be utilized in the treatment of diseases in tissues with HA receptors. 50, 51 In addition to application for biomolecules and drug delivery, HA based scaffolds have the potential to be used as a cell delivery system. 52 Composite HA and type I collagen hydrogels have been used to deliver porcine chondrocytes into 3D designed poly (propylene fumarate) scaffolds to increase seeding effi- The in vitro cell culture study showed that the seeded human articular chondrocytes were able to proliferate and form cartilage specific extracellular matrix in the hydrogel. Further using an organ culture defect model, experimentally generated defects on bovine cartilage cubes were filled with the injectable hydrogel seeded with chondrocytes to form organ constructs. Regeneration of bovine articular cartilage was observed 6 weeks after the organ constructs were implanted subcutaneously into nude mice. 53 A fibrin/HA composite gel has also been used as a cell delivery system to implant rabbit chondrocytes into nude mice and then into full thickness cartilage defects in a rabbit model. The implanted chondrocytes showed improved glycosaminoglycan synthesis and cartilage formation. 54 Overall, these studies show the potential of HA-based scaffolds as a suitable delivery vehicle for chondrogenic cells in cartilage regeneration.
The potential of HA in IVD regeneration
The IVD between the vertebral bodies is an avascular and aneural structure composed of an outer fibrous annulus fibrosus (AF), an inner jelly-like nucleus pulposus (NP) and adjacent cartilaginous end-plates (EP) (Figure 3) . Although accounting for only 1% of the disc volume, IVD cells sustain disc integrity by production and maintenance of the extracellular matrix, predominantly composed of proteoglycans, collagens, noncollagenous proteins and large amount of water molecules. The balance between synthesis and breakdown determines quality and integrity of the matrix and mechanical behavior of the disc. IVD degeneration is initiated by a progressive reduction of the extracellular matrix, caused by disc cell death, impaired cell function and accelerated matrix degradation. 55 Although the multifactorial etiology is not clearly understood, IVD degeneration is closely associated with genetic factors, mechanical loading of the spine, loss of prospective potency of NP cells and alterations in the diffusion of nutrients into the disc. A variety of inflammatory mediators have been implicated in the IVD degeneration including nitric oxide (NO), interleukins, MMPs, prostaglandin E2 (PGE2), tumor necrosis factor-α (TNF-α) and a group of cytokines. 56 Similar to cartilage tissue, the disc lesions have poor intrinsic potential for spontaneous healing. The degeneration sets off a cascade that further affects other spinal structures and ultimately leads to extensive structural defects and loss of normal motion segment function. 55 The role of HA in cell-based tissue engineering for disc repair has been studied. A gelatin/chondroitin-6-sulfate/HA tri-copolymer was developed to serve as a bioactive scaffold to help human NP cells preserve their viability, proliferation and to promote matrix synthesis. 57 The HA-based scaffold enhanced the production of proteoglycan and type II collagen in the extracellular matrix and induced re-differentiation of human NP cells. A cross-linked collagen-HA scaffold maintained cell viability and proliferation of embedded bovine NP cells, retained a high proteoglycan synthesis rate and the low elution of sulfated glycosaminoglycan into the surrounding medium over a 7-day culture period. 58 The function of bovine AF and NP cells was maintained even after culture in the collagen/HA scaffold for up to 60 days. 59 HA may be a cell differentiation inducing factor intended for biological treatment strategies of the IVD. 60 These studies exhibit the ability of HA in promoting extracellular matrix synthesis and cell viability in vitro.
Anti-inflammatory effects of intradiscally injected HA have been shown in animal models. Temporal changes in the proinflammatory cytokine and macrophage profiles have been detected in the epidural space of post-laminectomy disc treated with or without topical high molecular weight HA gel in a rat model. HA gel decreased the number of monocytes/ macrophages and the concentration of certain cytokines in the early inflammatory phase of healing, thereby showing potential to decrease inflammation, fibrosis and scar formation in the post-laminectomy rats. 61 No significant difference was observed in pain related behavior in response to proliferative scar within the spinal canal between the sham and HA gel treatment groups in the post-laminectomy rat model. 62 The therapeutic potential of HA as a cell carrier for disc regeneration has been explored in animal models. Human BM MSCs encapsulated in HA gel were embedded in a disc like construct and induced to undergo chondrogenesis in vitro. Potential of hyaluronan in intervertebral disc regeneration Dovepress submit your manuscript | www.dovepress.com Dovepress MSC/HA-based disc construct demonstrates a potential for the tissue engineering of degenerated IVD. 63 HA gel has also been studied as a cell carrier to directly deliver BM MSCs into rat coccygeal discs. 64 Revell et al examined the effects of two HA-derived biodegradable polymers, Hyaff ® -120 and Hyadd ® -3, on the repair of damaged IVD in a pig nucleotomy model. The autologous BM MSCs were embedded in the HA gel and then injected into the nucleotomized discs. The implanted HA with or without MSCs maintain the normal biconvex structure of NP and contained viable cells forming matrix at 6 weeks when compared to the control group undergoing nucleotomy only. 65 The initial data suggest that HA has the potential for construction of an engineered IVD for the biological repair of degenerated discs.
Clinical application of HA in the treatment of osteoarthritis
The clinical application of HA for musculoskeletal disorders mainly focuses on the treatment of osteoarthritis (OA), through a viscosupplementation (intra-articular administration of HA) procedure. OA is a degenerative condition affecting synovial joints to cause pain and reduced mobility. Macroscopic changes in an arthritic joint include articular cartilage destruction, osteophyte formation and breakdown of the osteochondral junction. At the molecular level, chondrocytes and synovial cells of OA patients produce increased levels of inflammatory cytokines, such as IL-1β and TNF-α. 66 IL-1β decreases synthesis of type II collagen, proteoglycans and increases synthesis of MMPs. In addition, a 33% to 50% reduction in the concentration and molecular weight of HA in osteoarthritic joints reduces the viscoelasticity of the synovial fluid. 67 The enormous interest in this molecule is evidenced by vast amount of published literature and the large number of randomized controlled clinical trials (RCT). 68 Intra-articular administration of HA increases the viscoelasticity and restores the lubricating and shock-absorbing properties of Compared to a normal disc, the degenerated disc undergoes morphological changes observed as reduced height and more disorganized structure due to loss of water and extracellular matrix. Dovepress the synovial fluid. Clinical trial data have supported the intra-articular HA therapy as not only a symptom-modifying therapy but also a treatment which may significantly decrease the rate of deterioration of joint structure. 6 HA has shown cartilage-protective and anti-inflammatory effects during progression of osteoarthritic degeneration by inhibiting the degenerative changes and enhancing the synthesis of proteoglycans and extracellular matrix proteins of chondrocytes. HA decreases nociceptive activity in inflamed joints 69, 70 and protects the cartilage by reducing reactive oxygen radicals, inflammatory mediators and matrix-degrading enzymes. HA has an analgesic effect when injected intra-articularly in human joints. 71 Pain relieving properties of HA, although not clear, is possibly due to its binding to pain producing peptides and preventing their interaction with pain receptors.
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Nevertheless, the evidence for the efficacy of intraarticular HA therapy is contradictory. Three of 5 metaanalysis have reported favorable outcomes, but 2 others did not show significant efficacy following intra-articular HA treatment ( Table 1) . Analysis of the reasons for the variations in conclusions between the meta-analysis and systemic reviews found differences in search strategies, selection criteria, outcome measures and statistical methods. 72 The Agency for Healthcare Research and Quality (AHRQ, September 2007, www.ahrq.gov) analyzed the available literature including 42 randomized controlled trials and 6 meta-analyses and concluded that the trials favored viscosupplementation compared to placebo with respect to pain and functional scores.
Intra-articular administration of HA has also been used for osteoarthritis of the hip, ankle and shoulder joints. [73] [74] [75] A pilot study with 13 patients assessed the potential effectiveness of HA therapy in the treatment of lumbar facet joint arthritis, but failed to demonstrate any benefit of the single injection of HA in the management of lumbar facet generated pain. 76 For the potential application of HA for degenerative IVD, the demonstrated therapeutic role of HA in joint cartilage repair may also be beneficial for disc regeneration because NP and EP cells of the IVD share many common characteristics with chondrocytes in terms of function and extracellular matrix components. Further research is required to explore the application of HA in this area.
Summary
The intrinsic biocompatibility of HA and its unique physiochemical properties make it attractive for application in surgery, arthritis treatment, drug delivery and Potential of hyaluronan in intervertebral disc regeneration Dovepress submit your manuscript | www.dovepress.com Dovepress recombinant growth factors for IVD regeneration has attracted great interest, application of HA might speed up the development of disc regeneration strategies by providing an implant with a biologically and mechanically natural microenvironment in the degenerated site.
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